Hydrogen bond networks are key elements of protein structure and function but have been challenging to study within the complex protein environment. We have carried out in-depth interrogations of the proton transfer equilibrium within a hydrogen bond network formed to bound phenols in the active site of ketosteroid isomerase. We systematically varied the proton affinity of the phenol using differing electron-withdrawing substituents and incorporated sitespecific NMR and IR probes to quantitatively map the proton and charge rearrangements within the network that accompany incremental increases in phenol proton affinity. The observed ionization changes were accurately described by a simple equilibrium proton transfer model that strongly suggests the intrinsic proton affinity of one of the Tyr residues in the network, Tyr16, does not remain constant but rather systematically increases due to weakening of the phenol-Tyr16 anion hydrogen bond with increasing phenol proton affinity. Using vibrational Stark spectroscopy, we quantified the electrostatic field changes within the surrounding active site that accompany these rearrangements within the network. We were able to model these changes accurately using continuum electrostatic calculations, suggesting a high degree of conformational restriction within the protein matrix. Our study affords direct insight into the physical and energetic properties of a hydrogen bond network within a protein interior and provides an example of a highly controlled system with minimal conformational rearrangements in which the observed physical changes can be accurately modeled by theoretical calculations.
Hydrogen bond networks are key elements of protein structure and function but have been challenging to study within the complex protein environment. We have carried out in-depth interrogations of the proton transfer equilibrium within a hydrogen bond network formed to bound phenols in the active site of ketosteroid isomerase. We systematically varied the proton affinity of the phenol using differing electron-withdrawing substituents and incorporated sitespecific NMR and IR probes to quantitatively map the proton and charge rearrangements within the network that accompany incremental increases in phenol proton affinity. The observed ionization changes were accurately described by a simple equilibrium proton transfer model that strongly suggests the intrinsic proton affinity of one of the Tyr residues in the network, Tyr16, does not remain constant but rather systematically increases due to weakening of the phenol-Tyr16 anion hydrogen bond with increasing phenol proton affinity. Using vibrational Stark spectroscopy, we quantified the electrostatic field changes within the surrounding active site that accompany these rearrangements within the network. We were able to model these changes accurately using continuum electrostatic calculations, suggesting a high degree of conformational restriction within the protein matrix. Our study affords direct insight into the physical and energetic properties of a hydrogen bond network within a protein interior and provides an example of a highly controlled system with minimal conformational rearrangements in which the observed physical changes can be accurately modeled by theoretical calculations.
computational modeling | enzyme catalysis | protein electrostatics | protein semisynthesis | active site environment H ydrogen bond networks are ubiquitous structural features within proteins, and they play key roles linking secondary and tertiary structural elements and spanning protein-protein interfaces. Such networks are especially common within enzyme active sites, where they position protein and substrate groups for catalysis, stabilize charge rearrangements during chemical transformations, and mediate proton transfers (1) . Despite the prevalence and critical structural and functional roles of hydrogen bond networks, incisive dissection of their physical properties within the idiosyncratic interior of folded proteins remains difficult.
Hydrogen-bonded protons are not observed in the vast majority of protein X-ray structures due to the low X-ray scattering power of hydrogen atoms (2) . Thus, the presence of hydrogen bond networks is typically inferred from the proximity and orientation of hydrogen bond donor and acceptor groups within refined protein structural models. The inherent inability of most X-ray diffraction studies to monitor proton positions imposes additional challenges for dissecting the physical features that influence the equilibrium protonation states of specific residues along a hydrogen-bonded proton transfer network. Furthermore, it remains extremely challenging to study the electrostatic consequences of charge rearrangements that accompany hydrogen bond-mediated proton transfers. Few experimental methods exist to vary the ionization properties of discrete protein groups incrementally, and structural rearrangements within the protein matrix that typically accompany charge rearrangements complicate computational modeling and the straightforward interpretation of the electrostatic properties of protein active sites and interiors (3) (4) (5) .
Bacterial ketosteroid isomerase (KSI) from Pseudomonas putida KSI (pKSI) and Comamonas testosteroni KSI has been a powerful system with which to study the physical properties of hydrogen bonds within an enzyme active site (6) (7) (8) (9) (10) (11) (12) (13) . KSI uses a general base, D40 (pKSI numbering), to deprotonate steroid substrates and form a dienolate reaction intermediate that is stabilized by hydrogen bonds donated by Y16 and protonated D103. Y16 is further linked via hydrogen bonds to Y57 and Y32, forming an extended active site hydrogen bond network in pKSI (Fig. 1A) . Phenolic ligands, such as single-ring phenols, two-ring naphthols, and four-ring steroids like equilenin or estradiol, can bind in the KSI active site as negatively charged oxyanions and accept
Significance
Hydrogen bond networks play critical structural and functional roles in proteins but have been challenging to study within this complex environment. We incorporated spectroscopic probes into the active site of the bacterial enzyme ketosteroid isomerase to systematically dissect the proton transfer equilibrium within a key hydrogen bond network formed to bound transition state analogs. Our study provides direct insight into the physical and energetic properties of a hydrogen bond network within an enzyme and presents a simple computational model of electrostatic effects within this protein that succeeds due to detailed knowledge of ionization states and a tightly controlled experimental system. hydrogen bonds from Y16 and D103, mimicking the oxyanion charge localization of the dienolate reaction intermediate and dienolate-like transition states (6-8, 14, 15) (Fig. 1B) . A homologous series of bound phenols or naphthols bearing different electron-withdrawing substituents provides a deft experimental tool with which to incrementally vary the proton affinity and negative charge density of the phenolic oxygen (16) . These changes tune the structure and strength of hydrogen bonds formed to phenolic ligands (17) (18) (19) , and thus provide a systematic probe of the physical and energetic properties of the hydrogen bond network within the KSI oxyanion hole (6-9, 11, 13) and the response of the surrounding protein matrix to such changes (20, 21) .
Recent studies with the D40N pKSI mutant, which mimics the protonated D40 present in the KSI-dienolate intermediate complex (Fig. 1A) , have provided evidence that ligands of increasing pK a are bound as an increasing population of neutral, protonated phenol (11, 13, 22) . These results suggest that an unspecified active site residue can ionize with increasing phenol pK a , resulting in a net proton transfer to the bound ligand. We have used sitespecific NMR and IR probes and KSI semisynthesis to determine that either of two different Tyrs within the extended hydrogen bond network can ionize, and we have systematically mapped the changes in their equilibrium ionization states as a function of the proton affinity and hydrogen bonding capability of the phenolic ligand. We further measured the electric field changes at discrete active site positions due to charge rearrangements within the hydrogen bond network. We demonstrate that a static continuum electrostatic model with a low dielectric can accurately describe these changes, suggesting a high degree of structural organization and the absence of substantial conformational rearrangement in response to charge rearrangement within the active site.
Results and Discussion
Ionization States of Substituted Phenols Bound to pKSI D40N. Recent spectroscopic studies suggested that single-and multiple-ring phenolic ligands are bound to pKSI D40N with a neutral, protonated fraction that increases with ligand pK a and reaches a ratio of 50:50 ionized/neutral for a ligand with a solution pK a of 9.7 (13, 22) . To dissect and understand the nature and properties of proton transfer within the KSI oxyanion hole, we turned to systematic studies with single-ring phenols, because these compounds are available over a wider pK a range than naphthols or steroids. To probe the ionization state of phenols bound to KSI, we acquired 19 F NMR spectra of 4-fluoro-substituted phenols bound to the D40N mutant, because the chemical shift of the 4-fluoro nucleus is a sensitive reporter of changes in phenol ionization state and shifts 7-8 ppm down-field on ionization (8) (Fig. 2A) .
Prior UV-visible (Vis) and IR absorbance studies have suggested that phenols with pK a values ≤8 are bound to D40N in their ionized, phenolate form (8, 22) . In agreement with these prior results, the 4-fluoro nucleus of 3,4,5-F 3 -phenol (pK a = 8.2) has a 19 F chemical shift when bound to pKSI D40N that is 1.5 ppm upfield of that observed for the phenolate anion in solution ( Fig. 2A) . This modest up-field shift relative to solution is consistent with the ability of aromatic ring currents and other shielding differences between a protein interior and water to result in chemical shift differences of 1-2 ppm for a 19 F nucleus (23) . In contrast, 3,4-F 2 -phenol (pK a = 9.1) bound to pKSI D40N displays a chemical shift that is intermediate between the observed values for its neutral (phenol) and ionized (phenolate) forms in solution, suggesting that this phenol binds to pKSI D40N as a mixture of neutral phenol and ionized phenolate and that these forms are rapidly interconverting relative to their 19 F NMR frequency difference (additional discussion is provided in SI Text). The 4-F-3-Me-phenol, with a still higher pK a of 9.8, exhibits a chemical shift when bound that is 1.3 ppm up-field of the neutral phenol in solution ( Fig. 2A) . This series of spectra strongly suggests that single-ring phenols bind to the pKSI D40N mutant with a neutral phenol fraction that becomes significant at a phenol pK a greater than 8 and increases with the phenol pK a until the protonated phenol is the predominantly bound form at or above a pK a of 10. This conclusion is consistent with prior UV and IR studies (13, 22) , and it is further supported by 13 C NMR and IR results described below.
Structural Similarity of pKSI D40N Bound to Low vs. High pK a Phenols.
To assess whether the change in phenol ionization state for low vs. high pK a phenols is accompanied by conformational rearrangements within or surrounding the hydrogen bond network of the pKSI oxyanion hole, we determined the 1.30-Å resolution X-ray crystal structure of 3-F-4-NO 2 -phenol (pK a = 6.1) bound to pKSI D40N [data collection and refinement statistics are shown in Table  S1 , and electron density map is shown in Fig. S1 ; Protein Data Bank (PDB) ID code 3VGN] and compared this structure with the previously published 1.25-Å resolution structure of the same pKSI mutant bound to unsubstituted phenol (pK a = 10.0) (8) . Superposition of the two structures reveals that the overall structures are indistinguishable, that the bound ligands are similarly positioned within the KSI active site, and that the oxyanion hole residues that form the hydrogen bond network to the hydroxylic oxygen of each phenol are nearly identically positioned in both structures (rmsd = 0.130 Å; Fig. 2B ). These observations rule out the possibility that gross structural rearrangements within the hydrogen bond network accompany changes in the ionization state of bound phenols. Such rearrangements can complicate the analysis and modeling of electrostatic effects, and their absence in this case is a simplifying feature for the experimental and computational studies that follow.
NMR Identification of Tyr Ionizations in KSI-Phenol Complexes Using
Site-Specific 13 C-Labeled Tyrs. We considered either D103 or Y16, both of which directly donate hydrogen bonds to the bound ligand (Figs. 1A and 2B), as the most likely residue to be ionized in the presence of higher pK a phenols. A priori, the carboxylic acid moiety of an aspartic acid (solution pK a of ∼4) would be expected to be much more acidic than that of a Tyr hydroxyl group (solution pK a of ∼10) (24) . However, D103 is surrounded by hydrophobic residues that elevate its pK a well above its typical solution value (15, 25, 26) , and recent quantum mechanics/molecular mechanics (QM/MM) studies of phenols bound to pKSI D40N have suggested that D103 may be less acidic than Y16 (11) . Furthermore, we observed that the D103N/D40N mutant, which preserves hydrogen bonding to residue 103 but ablates its ability to transfer a proton, still binds 4-F-3-Me-phenol (pK a = 9.8) predominantly in its neutral form (Fig. S2) , strongly suggesting that D103 is not the residue that ionizes as bound phenols become protonated. Based on this result and on our prior observation of an ionized Tyr in unliganded pKSI D40N (20) , we considered Y16 the most likely residue to be ionized when the bound phenol is neutral. The results described below provide evidence for ionization of both Y16 and Y57.
pKSI D40N contains four Tyrs. Y119 is a surface residue located far from the active site, whereas Y32 and Y57 form an active site hydrogen bond network to Y16, which directly donates a hydrogen bond to bound phenols (Figs. 1A and 2B ). The chemical shift of the C ζ carbon of Tyr, the carbon atom adjacent to the hydroxyl group, is highly sensitive to the ionization state of Tyr, shifting down-field from 155.5 to 166.3 ppm upon ionization in Tyr-containing peptides in aqueous solution (24) . We therefore used 13 C NMR of phenol complexes of pKSI D40N containing 13 C ζ -labeled Tyr residues to determine whether Y16 or any of the active site Tyr residues ionize upon phenol binding.
As previously reported by Fafarman et al. (20) , the 13 C spectrum of unliganded pKSI D40N displays four well-resolved C ζ -Tyr peaks (Fig. 3A , lowest spectrum). The far down-field peak at 165.1 ppm, indicative of an ionized Tyr, was tentatively assigned to Y57 based on comparisons of data and computational models of electrostatic field effects (20) . On binding of 4-NO 2 -phenol (pK a = 7.1), which is fully ionized in complex with pKSI D40N (8) , all the observed 13 C-Tyr peaks in D40N are shifted up-field to less than 159 ppm (20) , as expected for the protonated forms of all four Tyr residues (Fig. 3A) . The 1.2-ppm chemical shift dispersion for the discrete C ζ -Tyr peaks is within the range of 1-2 ppm expected for differential shielding contributions arising from the unique local structural environment of each Tyr (27) . Binding of phenols with pK a values increasing from 7.1 to 10.4 resulted in no changes in the position of the most up-field peak at 157.3, previously assigned via mutagenesis to the surface Y119 (20) , but steadily shifted the position of the remaining active site Tyr peaks further down-field ( Fig. 3 A and B) . At the highest phenol pK a of 10.4, two peaks have shifted ≥3 ppm down-field (relative to their positions in the D40N-4-NO 2 -phenolate spectrum) to 163.1 ppm and 161.5 ppm.
Because simple phenols with pK a values >10.4 are not readily available, we acquired spectra of pKSI D40N bound to the cyclohexanolic steroids 5-androsten-3-ol-17-one (5-Andro) and 4-androsten-3-ol-17-one (4-Andro) to mimic binding of phenols with high pK a . These compounds have estimated pK a values of 15.0 (5-Andro) and 14.4 (4-Andro), and 5-Andro was previously shown to bind pKSI D40N in a structurally similar manner to phenols, with the hydroxyl oxygen of its cyclohexanolic A-ring positioned within hydrogen bonding distance of Y16 and D103 (28) . Furthermore, prior studies have shown that the multiple distal rings of a steroid do not alter the electrostatic environment within the oxyanion hole, relative to a bound single-ring phenol (29) . The 13 C NMR spectra of the D40N-5-Andro and D40N-4-Andro complexes showed three up-field peaks at <161 ppm and a single far down-field peak at 165.5 ppm (Fig. 3C ), strongly suggesting the presence of a single predominantly ionized Tyr at a ligand pK a of ∼15. In the analyses that follow, we interpret the Andro spectra as reflecting the properties of bound single-ring phenols with equivalent pK a values.
To assign the observed 13 C-Tyr peaks in spectra of D40N-phenol complexes (Fig. 3A) , we prepared semisynthetic pKSI D40N (a complete description is provided in SI Materials and Methods) by ligating a synthetic peptide containing unlabeled Y16 to a recombinant peptide fragment containing 13 C ζ -labeled Y32, Y57, and Y119, and refolding the full-length enzyme out of urea. We acquired 13 C spectra for semisynthetic (Y16 unlabeled) and recombinant (uniformly 13 C-Tyr-labeled) D40N bound to a series of phenols with pK a values of 7.1-10.4 ( Fig. 3B ). In the presence of bound phenols with pK a values of 7.1-9.1, the most down-field resonance observed for uniformly 13C-Tyr-labeled D40N is absent in spectra of semisynthetic D40N (Y16 unlabeled), identifying this peak as arising from Y16 in these complexes. In contrast, in a complex between semisynthetic D40N and 3,4-Me 2 -phenol (pK a = 10.4), the second-most down-field peak at 161.5 pm is missing, identifying this peak as Y16 and indicating a crossover in the identity of the most down-field peak between pK a values of 9.1 and 10.4.
By elimination, the most down-field peak at 163.1 ppm in the 3,4-Me 2 -phenol spectrum corresponds to either Y57 or Y32. Y32 is the terminal residue in the hydrogen bond network (Figs. 1A and 2B) and, other than Y57, is surrounded by hydrophobic residues that are expected to destabilize ionized Y32. In contrast, Y57 is positioned within hydrogen bonding distance of both Y16 and Y32, and prior results suggest that it has a highly perturbed pK a of 6.3 in the pKSI D40N apoenzyme (20) . We therefore assigned the 163.1 ppm peak in the D40N-3,4-Me 2 -phenol spectrum to Y57. This information and the spectral comparisons with semisynthetic KSI described above allowed us to assign the 13 C-Tyr peaks in each spectrum as indicated in Fig. 3B , and the observed chemical shift for each assigned peak is plotted in Fig.  3D as a function of phenol pK a .
Quantitative Modeling of Ionization States Within the KSI Hydrogen
Bond Network. As a basis for modeling and understanding the changes in protonation state of the bound phenol, Y16, and Y57 as a function of phenol pK a and how these charge rearrangements are sensed within the active site, we used the 13 C NMR chemical shift changes in Fig. 3 to estimate the fraction of each of these three groups present in its ionized form at equilibrium with differing bound phenols (additional discussion is provided in SI Text). To assign these fractional ionizations (Fig. 4A) , we assumed that only a single group is ionized in the KSI active site at any given time, consistent with the observed pH dependence for phenol binding to D40N (8) . In this model, proton transfers between the phenol, Y16, and Y57 shift the equilibrium population of each ionized group (Fig. 4B) , with the sum of the fractions of each group present in its ionized form at each phenol pK a always equal to 1.
The fractional populations of Y16 and Y57 present as ionized tyrosinates (X Y16 and X Y57 ) were estimated at each phenol pK a value by first calculating the chemical shift difference between the observed peak position for each Tyr and that observed at a pK a of 7.1 (Fig. 3) , where the bound phenol is fully ionized (8, 22) (Fig.  2A ) and Y16 and Y57 are thus fully neutral. This value was then divided by the total expected 13 C chemical shift dispersion between an ionized and neutral Tyr in the KSI active site (166 ppm minus the observed chemical shift at a phenol pK a of 7.1; additional discussion is provided in SI Materials and Methods) to estimate fractional ionization (X i ) values for each Tyr residue at each phenol pK a . Fractional phenol ionizations (X phenol ) at each pK a value were then estimated indirectly by subtracting the sum of X 16 and X 57 from 1. The values of X phenol calculated in this fashion are similar to those previously reported for bound phenols, naphthols, and equilenin based on FTIR and UV-Vis absorbance experiments (13, 22) (Fig. S3 ) and are qualitatively consistent with the 19 F NMR changes described above ( Fig. 2A) . As discussed in SI Materials and Methods, we estimate the uncertainty in the assigned X i values as ±0. 15 .
As quantitatively modeled in Fig. 4A and schematically depicted in Fig. 4B , the proton transfer equilibrium changes systematically as a function of the pK a of the bound phenol. This incremental redistribution indicates that the ionization states of individual residues within the KSI-phenol hydrogen bond network are systematically altered by varying the proton affinity of a single distal group on the bound phenol. The change in the identity of the predominantly ionized Tyr from Y16 to Y57 at low vs. high phenol pK a (e.g., pK a of 7.1-10.4) and the continuing shifts in the ionized populations of these groups above a pK a of 10 ( Fig. 4A) directly suggest that the relative proton affinities of these two Tyr groups do not remain constant but change with increasing phenol pK a to favor ionization of Y57 over Y16, a behavior that we are able to accurately model below.
To understand the origin of these ionization changes better and to test whether increases in the phenol proton affinity alone can accurately explain the observed changes, we derived an equilibrium proton transfer model for the hydrogen bond network based on the solution pK a values of the phenols and the apparent pK a values of Y16 and Y57 within the phenol-bound complexes (full derivation and additional discussion are provided in SI Materials and Methods). The apparent pK a values used in this model are a proxy for the relative proton affinities of the hydrogen-bonded groups and do not represent true pK a values in the active site environment. Because our goal is to understand the physical and energetic properties that underpin the observed ionization changes rather than to assign microscopic acid dissociation constants, our analysis does not depend on this simplification. We first attempted to fit the data globally with the simpler model, which assumes constant proton affinities for Y16 and Y57 regardless of the phenol pK a . As expected, this model failed to account for the predominant ionization of Y16 rather than Y57 below a pK a of 10 and could not explain the observed decrease in X Y16 above a pK a of 10 ( Fig. S4 A and B) .
Based on prior linear free energy studies and known physical properties of hydrogen bonds (8, 17, (30) (31) (32) (33) (34) (35) , we posited that energetic changes in the phenol-Y16 hydrogen bond with increasing phenol pK a would alter the stability of the Y16 anion, and thus modulate its ability to ionize relative to Y57. To account for this effect, we modified our equilibrium proton transfer model to allow the proton affinity of the Y16 anion to vary linearly with that of the phenol (modified expressions are shown in Materials and Methods, with additional discussion provided in SI Materials and Methods). A global fit of this model to the fractional ionization data (Fig. 4A and Fig. S4B ) accurately accounted for the observed decrease in X Y16 and increase in X Y57 at high phenol pK a values. On the basis of this fit, we conclude that these changes in the proton transfer equilibrium occur as the Y16 proton affinity surpasses that of Y57 due to physical and energetic changes in the phenol-Y16 hydrogen bond with increasing phenol pK a . We discuss the physical origins of these hydrogen bond changes in Conclusions. ) is the observed IR peak shift between different bound phenols, Δμ is the difference-dipole moment and is parallel to the −CN bond axis, and ΔF is the field change associated with the changing identity of the bound phenol (further discussion of the VSE can be found in ref. 20 and references therein) .
In prior work, we site-specifically incorporated nitrile groups into pKSI by cyanylating a unique Cys introduced by mutation at position M116, M105, or F86 within a Cys-free C69S/C81S/C97S background (20, 29, 37) . These positions were selected on the basis of their proximity (3-11 Å) to the key catalytic groups (Fig.  5) . Our previous studies of these KSI-CN variants indicated that nitrile incorporation resulted in minimal perturbation to KSI structure, catalytic activity, and ligand binding (20, 29) .
To test for differences in the active site structures of our KSI-CN variants bound to a common ligand, we determined the 1.7-Å resolution X-ray structure of equilenin bound to D40N/M116C-CN (data collection and refinement statistics are shown in Table  S1 , and an electron density map is shown in Fig. S5 ; PDB ID code 3OWS) and compared it with the previously published structures of equilenin bound to D40N/F86C-CN (1.7-Å resolution; PDB ID code 3OWU) and D40N/M105C-CN (2.3-Å resolution; PDB ID code 3OWY) (20) . As shown in Fig. 5 , equilenin binding to the three KSI-CN variants resulted in nearly identical positioning of the bound ligand and of groups within the hydrogen bond network (rmsd = 0.18 Å), and no overall structural changes were observed. Furthermore, the nitrile probe in each structure refined to a single, well-ordered conformation, positioning each nitrile with a unique vantage from which to monitor the electrostatic field effects of ionization changes within the hydrogen bond network.
Measuring the Electrostatic Field Changes from Proton Transfers
Within the Hydrogen Bond Network. The movement of negative charge from the phenolate oxygen to Y16 and Y57 with increasing phenol pK a is expected to alter local electrostatic fields within the KSI active site (20) . To directly measure these field changes in discrete regions of the active site, we recorded IR spectra of phenol-bound KSI-CN variants containing nitrile probes at position 86, 105, or 116 (Fig. 6) . The spectrum of each KSI-CN variant bound to 3-F-4-NO 2 -phenol (pK a = 6.1), which is bound as the ionized phenolate, is shown in Fig. 6A . As elucidated previously (20, 37) and discussed in more detail in SI Text, changes in the IR frequency for each nitrile probe across the series of bound phenols report on changes in the local electrostatic field experienced by each probe due to repositioning of charge within the hydrogen bond network.
For bound phenols with pK a values of 5-8, a range in which negative charge resides predominantly on the phenolate oxygen, the nitrile stretch frequencies of F86C-CN and M105C-CN remain essentially unchanged, whereas that of M116C-CN increases by 1 cm −1 (Fig. 6B) . The unique sensitivity of the M116C-CN probe is consistent with its favorable orientation and closer proximity to the oxygen of the bound phenol compared with the more orthogonal orientations and distal positions of the F86C-CN and M105C-CN probes ( Fig. 5 ; distances and angles are given in table S3 of ref. 20) . The increase in stretching frequency of the M116C-CN nitrile over this range is qualitatively consistent with an increase in the local electrostatic field projected along the nitrile bond axis due to the increased negative charge localization on the phenolate oxygen that accompanies a three-unit increase in pK a (16, 38) .
For bound phenols with pK a values of 8-10, a range in which negative charge is progressively transferred to Y16 and Y57, the IR peak positions of M105C-CN and M116C-CN change by +0.5 cm −1 and −2.0 cm
, respectively, whereas the nitrile stretch frequency of F86C-CN remains essentially unchanged (Fig. 6B) . Conversion of these IR frequency shifts using the VSE equation suggests that the ensemble-averaged field along the nitrile bond axis of M105C-CN and M116C-CN changes by +0.8 MV/cm and −3.1 MV/cm, respectively, whereas the field along F86C-CN changes by less than ±0.1 MV/cm, as the pK a of bound phenol increases from 8 to 10. The unique shifts registered by each probe, which occur despite differences of only a few angstroms in their positions relative to Y16, Y57, and the phenol oxygen ( Fig. 5 and Table S3 ), emphasize the importance of bond directionality and positioning, rather than just proximity, in determining how local electrostatic perturbations are felt by nearby groups.
Discrete Peaks for Hydrogen Bond Tautomers Are Resolved in Nitrile IR Spectra. To learn more about the proton transfer and negative charge distribution between Y16 and Y57, we carried out additional analyses of the IR spectra for M116C-CN, the nitrile closest to these two groups, bound to phenols with pK a values near 10. In this pK a region, the major fraction of the bound phenol is neutral and the ionized populations of Y16 and Y57 are nearly equal (Fig.  4) , suggesting that these Tyr groups have matched or nearly matched proton affinities within the protein interior. This equivalence and the short 2.5-Å O•••O distance observed for the Y16-Y57 hydrogen bond in the 1.25-Å resolution D40N-phenol (pK a = 10) X-ray structure (8) are physical features that can favor formation of a single-well hydrogen bond in which negative charge and the bridging proton would be equally shared and delocalized between the interacting groups (39, 40) . Alternatively, interactions with the anisotropic distribution of charges and dipoles within the surrounding heterogeneous protein matrix might result in a double-well potential energy surface for this hydrogen bond despite closely matched proton affinities (41) (42) (43) , with negative charge discretely localized on either Y16 or Y57.
For a single-well potential, a single, symmetrical IR peak would be expected for the M116C-CN nitrile with bound phenols of pK a of ∼10. In contrast, a double-well potential with interconverting tautomers of ionized Y16 and Y57 (Fig. 4B) would be expected to result in two IR peaks corresponding to negative charge either on Y16 or Y57, provided that interconversion is slow relative to the time scale defined by the inverse of the frequency difference between the two IR peaks. Close examination of the IR spectra of M116C-CN with different bound phenols (Fig. 7A ) revealed a high-energy peak shoulder for phenols with pK a values above 9.8 that is more readily detected as an inflection in the numerical first derivative of the absorption spectra for these complexes (Fig. 7B ) and suggests the possible presence of two distinct but overlapping peaks. An increasing contribution from a second, spectrally distinct peak would be expected to result in a broader spectral envelope, and this broadening is observed for bound phenols of pK a above 9 (Fig. S6) .
To test further for the presence of two distinct IR peaks, we acquired low-temperature spectra at 80 K (SI Materials and Methods). Spectra of M116C-CN bound to 3,4-(NO 2 ) 2 -phenol (pK a = 5.4) or 5-Andro (pK a = 15) showed only a single nitrile peak (Fig. S7A) , as expected, for exclusive or predominant negative charge localization on the phenolate or Y57, respectively (Fig.  4) . In contrast, two discrete, narrow peaks separated by 4 cm
were observed for the M116C-CN nitrile with bound 4-F-3-Mephenol (pK a = 9.8) (Fig. 7C ) and 2,6-d 2 -4-F-phenol (pK a = 10.0) (22) (Fig. 7D) , providing strong evidence for discrete IR peaks arising from ionized populations of Y16 and Y57. The observation of individual tautomeric peaks indicates that proton transfer across the Y16-Y57 hydrogen bond near a pK a of 10 has a doublewell potential energy surface and is significantly slower than the 10-ps time scale set by the frequency difference of 4 cm −1 (0.1 THz) between the two states (additional discussion is provided below and in SI Text). The double-well nature of this hydrogen bond implies that a single unit of negative charge is localized on one of the two interacting groups at any given time, allowing us to model the electrostatic effects of charge rearrangement within the hydrogen bond network on the surrounding protein environment as a sum of these discrete populations.
Computational Modeling of IR Peak Shifts for the Nitrile Probes.
Developing accurate computational models of protein electrostatics is an ongoing challenge, due, in part, to the paucity of experimental benchmarks (20, 44, 45) . Although numerous biophysical studies have provided important qualitative insights into Table S2 ). Trend lines are empirical fits to guide the eye. Note that for clarity, the y-axis scale has been expanded for M105C-CN.
the electrostatic properties of proteins, key limitations in each of these approaches have prevented clean, quantitative measurements of electrostatic fields within proteins (ref. 20 and references therein). Our nitrile-based measurements of electric field changes provide a metric by which to test and improve computational models of the electrostatic effects of charge rearrangement within a protein interior. Based on our analysis of the shifting ionization equilibria within the hydrogen bond network (Fig. 4) , we carried out continuum electrostatic calculations using the software package DelPhi (described in detail in SI Materials and Methods) to predict the effect of these ionization changes on the stretching frequency of each nitrile probe within the KSI active site. These computations used an internal protein dielectric of 2 to account for the intrinsic polarizability of amino acids but otherwise assumed the absence of structural rearrangements (i.e., the same static structural model was used in all calculations).
We first calculated the expected electric field change and IR peak shift for each probe due to negative charge residing fully on the oxygen of the bound phenol, Y16, or Y57, and then used the fractional charge distribution from Fig. 4A to calculate a population-weighted IR peak shift as a function of ligand pK a . Absolute nitrile stretching frequencies were obtained by adding the calculated peak shift to a chosen reference state, which we selected to be the IR frequency for each KSI-CN variant when bound to 4-nitrophenol (pK a = 7.1) (additional explanation is provided in SI Materials and Methods). This referencing is the only adjustable parameter in calculating peak positions and does not affect the trend or scale of the calculated frequency changes.
To account for differences in charge density on the phenolate oxygen for phenol with different solution pK a values (16, 38) , we used QM-calculated atomic charges for three phenolates with differing electron-withdrawing groups as inputs for the DelPhi calculations. We then used the calculated electrostatic field values for the three explicitly modeled phenolates to construct a linear correlation (for each probe position) between phenol pK a and the local electrostatic field due to negative charge on the phenolate oxygen (SI Materials and Methods). For calculating IR peak positions with bound phenols above a pK a of 8, the coexistence of distinct ionization populations (Fig. 4 A and B) that are detectable as discrete species in IR spectra (Fig. 7) required that electric Fig. 7 . Analysis of spectral width and asymmetry of the nitrile IR absorption spectra of D40N/M116C-CN bound to phenols of differing pK a . (A) Room temperature IR absorption spectra in the nitrile stretching region of D40N/ M116C-CN bound to 4-NO 2 -phenol (blue), 3-Cl-phenol (red), 4-F-3-Me-phenol (green), and 4-MeO-phenol (black). (B) First derivative of the absorption spectrum calculated from the data in A, highlighting the appearance of a shoulder (inflections, which indicate a shoulder, are marked with arrows) and increasing peak width and asymmetry (i.e., increasing ratio of peak height to trough depth) for higher pK a phenols. (C) Superposition of the nitrile stretch peak observed for 4-F-3-Me-phenol (pK a = 9.8) bound to D40N/M116C-CN at 298 K in buffer (green) or at 80 K in 50% glycerol/buffer (black). (D) Nitrile stretch peak observed for D40N/M116C-CN with bound 2,6-d 2 -4-Fphenol (pK a = 10.0) at 80 K in 50% glycerol/buffer. A single C-F stretch peak corresponding to the neutral phenol was also observed for this complex at 80 K (Fig. S7B) , consistent with our assignment in Fig. 4A that a bound phenol with a pK a of ∼10 is predominantly neutral and supporting assignment of the two peaks in C and D to the KSI tautomers with ionized Y16 or Y57. fields be calculated for each separate tautomer, with negative charge on the ligand, Y16, or Y57.
As shown for M116C-CN with bound 4-MeO-phenol (pK a = 10.2) in Fig. 8A and described in more detail in SI Materials and Methods, a population-weighted spectral envelope (dashed black line) was calculated from the sum of three basis spectra (colored lines) whose relative intensities and peak frequencies correspond to the fractional populations and calculated IR frequencies, respectively, for the three tautomers present at this pK a . This modeled composite spectrum closely resembles the observed IR peak for this complex (Fig. 8A, solid black line) , supporting assignment of the high-energy features resolved in spectra of M116C-CN bound to high pK a phenols (peak shoulder in Fig. 7A and higher energy peak in Fig. 7 C and D) to the population of ionized Y57. The spectral envelope for the stretching transition of each nitrile probe was calculated in this manner for a series of phenols with discrete pK a values that span the experimental range.
A plot of the absorbance maximum of each modeled spectrum (colored) vs. the observed IR peak maximum (black) for each probe as a function of phenol pK a is shown in Fig. 8B . The close correspondence between the predicted and observed IR shifts for M116C-CN and M105C-CN with varying phenol pK a suggests that the electrostatic field changes due to charge rearrangement in the active site hydrogen bond network accurately account for the observed trends in IR peak maxima for these two probes.
In contrast to M116C-CN and M105C-CN, our modeling is unable to explain the observed IR frequency trend for F86C-CN. Our calculations predict a significant IR frequency dependence on ligand pK a , but no systematic change is observed experimentally (Fig. 8B ). This disagreement can be accounted for by a model in which F86C-CN has greater conformational freedom relative to the other two probe sites due to the steric vacancy generated by mutation of the bulky phenyl ring of the parent F86 residue to a thiocyanate. The additional space may permit this nitrile probe to reorient in response to changes in charge localization between discrete ionized tautomers present across the phenol series, an effect not captured by our calculations, which relied on a static structural model. Indeed, molecular dynamics simulations (described in detail in SI Materials and Methods) suggest that the nitrile of F86C-CN has substantially greater conformational mobility than nitriles at the other two sites and samples a wide distribution of rotamers on the nanosecond time scale (Fig. 8C and Fig. S8 ; additional discussion is provided in SI Text). These results are consistent with the model above that posits a wide equilibrium distribution of conformers for the F86C-CN nitrile. Nevertheless, recent time-resolved IR studies indicate that this probe does not substantially rearrange on the time scale of tens of picoseconds (21) .
Conclusions and Implications
Pauling and Corey recognized over 60 y ago that hydrogen bonds and the extended networks they frequently form are ubiquitous and central components of biological structure and function (46, 47) . Hydrogen bonds are typically probed in a coarse fashion by ablating them via site-directed mutagenesis and evaluating the functional consequence of their removal. Although this approach can highlight their general functional importance, it does not reveal the physical properties of the intact hydrogen bonds that underpin their functional roles (8) (9) (10) 48) , and the energetic effects of mutations can have as much to do with surrounding structural rearrangements in response to hydrogen bond ablation as they do with properties of the hydrogen bonds themselves (49) (50) (51) (52) . In contrast to these common mutagenic approaches, we have leveraged favorable features of KSI to interrogate the physical and energetic properties of the intact hydrogen bond network formed in the KSI active site and to study the effects of internal charge rearrangement on electrostatic fields within the active site.
Electrostatic Effects of Charge Rearrangement Within the Active Site
Hydrogen Bond Network. A hallmark of protein catalysts and a distinguishing feature from reactions in bulk solution is that enzymes provide a highly structured and chemically heterogeneous solvation environment that has a limited ability for electrostatic rearrangement (1, 49, (53) (54) (55) . Nevertheless, it has been a formidable challenge to carry out direct experimental tests of the nature and properties of this environment. Our nitrile probes, combined with our ability to reposition charge incrementally within the active site by varying the identity of bound phenols, provided a highly controlled system to test how specific charge rearrangements are sensed in discrete regions of an enzyme active site and how the surrounding protein matrix responds to this charge rearrangement.
Using continuum electrostatic calculations based on a static structural model and an internal dielectric of 2, we found surprisingly close agreement between the calculated and observed field changes for M116C-CN and M105C-CN, the two most ordered sites. This quantitative agreement suggests the absence of substantial electrostatic reorientation within the surrounding protein matrix in response to charge rearrangement within the hydrogen bond network. This finding is consistent with prior time-resolved studies of KSI that suggested a rigid electrostatic environment on the picosecond time scale (21, 56) and extends those observations to the equilibrium time scale. Structural comparison of KSI bound to low vs. high pK a phenols (Fig. 2B ) also suggested negligible structural rearrangement at equilibrium, but small rearrangements on the 0.1-Å scale would be difficult to detect reliably by X-ray crystallography even at the 1.3-Å resolution of our structures. Rearrangement of a single charged group by 0.1 Å, however, could be readily detected by IR spectroscopy as a 2-cm −1 shift if movement of this group were parallel to a nitrile probe located ∼4 Å away, given an internal dielectric of 2.
The quantitative agreement between experiment and computation for M116C-CN and M105C-CN contrasts with prior studies of electrostatic changes in proteins due to pH changes, side-chain mutation, and ligand binding, in which qualitative agreement, at best, has been observed between experiment and theory (20, 44, 45, 57, 58) . We hypothesize that our simple computational approach succeeded in the present study due to the subtle perturbations of the homologous series of bound phenols (differing only in their meta and para substituent groups) and to the absence of structural and solvent rearrangements that are likely to accompany more gross perturbations, such as pH changes, mutation, or protein-ligand association. This success also suggests that undetermined ionization states and rearrangements that are uncharacterized and difficult to model may be general problems that severely limit computational accuracy. Indeed, many studies have attempted to account for these unknown features by using a higher internal dielectric (e.g., e = 20) in continuum electrostatic calcu- Fig. 9 . Schematic model for preferential ionization of Y57 vs. Y16 with increasing phenol pK a . Increasing the solution pK a of the bound phenol going from A to B weakens its hydrogen bond to Y16, which destabilizes Y16 ionization and shifts the proton transfer equilibrium toward ionization of Y57, where charge is stabilized by hydrogen bonds from Y16 and Y32. For clarity, the transferred proton is shown in green and the D103-phenol hydrogen bond has been omitted. lations (3) (4) (5) . Our study provides an example in which a more controlled system with minimal structural rearrangements and incisive knowledge of ionization states may more cleanly isolate electrostatic effects and substantially improve computational accuracy. Nevertheless, we stress that continuum electrostatic models based on a uniform protein dielectric are an incomplete description of the heterogeneous and anisotropic protein environment and are inadequate to describe all the properties and behaviors of these environments. Indeed, the behavior of the F86C-CN probe appears to provide an example of this more complex behavior.
Quantitative Dissection of Hydrogen Bond-Mediated Proton Transfer in the KSI Active Site. Site-specific NMR probes allowed us to resolve ionization changes in the active site hydrogen bond network that were otherwise invisible in KSI X-ray structures with resolutions as high as 1.1-1.25 Å (8, 15) . The ability to fit the ionization data with a simple model based only on the proton affinities of the interacting groups (Fig. 4A ) suggests that these incremental ionization changes predominantly arise due to physical and energetic changes in the hydrogen-bonded groups themselves rather than from the propagated effects of conformational rearrangements of distal groups. Internal proton transfer is an expected property of hydrogen bonds formed between groups with similar proton affinities. Our observation of incremental proton transfer from Y16 to the bound phenolate as the proton affinity of the phenol approaches that of Y16 is consistent with extensive studies of hydrogen bond-mediated proton transfer based on small-molecule complexes in solution (19, 34, 42, 59 ) and is not a unique property of hydrogen bonds formed within the heterogeneous protein environment. The systematic variation in relative ionized fractions of Y16 and Y57 is readily accounted for by a model in which the energetic stabilization of the Y16 anion provided by the phenol-Y16 hydrogen bond decreases with increasing phenol pK a . Extensive prior hydrogen bond studies in small molecules provide strong evidence that increasing the pK a of a phenol or other hydrogen bond donor (via substituent effects) weakens its ability to donate a hydrogen bond to a common acceptor of lower pK a (17, 18, 32, 34, 60, 61) due, in part, to the decrease in positive charge character of the hydroxylic proton and its weaker interaction with an anionic acceptor (17, 60) . Increasing phenol pK a is also expected to lengthen the hydrogen bond to the Y16 anion as the proton affinities of the two groups become increasingly mismatched (8), reducing charge-transfer across the hydrogen bond and increasing negative charge localization on the Y16 anion (30, 31) . These changes, which progressively weaken the phenol-Y16 hydrogen bond, destabilize the Y16 anion and thereby favor formation of the Y57 anion instead, which is stabilized by hydrogen bonds from Y16 and Y32 (Fig. 9) .
This systematic and quantitative dissection of equilibrium proton transfer within the oxyanion hole hydrogen bond network of KSI provides one of the cleanest isolations and interrogations of specific hydrogen bond properties within a complex, heterogeneous, and highly idiosyncratic protein interior. Refinement of these measurements in KSI and determination of related measures in other proteins, along with additional tests in model systems, have the potential to provide basic insights into the energetic properties of hydrogen bonds underlying enzymatic catalysis and the fundamental properties of protein interiors.
Materials and Methods
A full description of all experimental and computational methods and KSI semisynthesis is given in SI Materials and Methods, with additional detail and discussion in SI Text and Figs. S9-S11. KSI mutants were expressed and purified from Escherichia coli using published methods (8) . Nitrile labeling and uniform 13 C-Tyr incorporation were performed as previously described (20, 29, 37) . 19 F and 13 C NMR spectra were acquired at 20°C on 500-and 600-MHz (proton frequency) Varian UNITY INOVA NMR spectrometers using previously published methods (8, 9, 37) . IR spectra were acquired at room temperature and at 80 K as previously reported (20, 29, 37) . Cocrystals of pKSI D40N-3-F-4-NO 2 -phenolate and D40N/M116C-CN-equilenin were obtained at 20°C using hanging drop vapor diffusion in accordance with previously published methods (8, 20) . X-ray diffraction data were collected at the Stanford Synchrotron Radiation Laboratory and the Advanced Light Source (Lawrence Berkeley National Laboratory), and structure refinement was carried out as previously described (9, 20) . Electrostatic calculations were performed with DelPhi (62), as previously published (20) .
The X i of each group in Fig. 4A was globally fit via nonlinear regression using GraphPad Prism to the following equilibrium titration expressions, in which pK phenol a was the independent variable, and apparent pK a values, as defined above, were used to describe the relative proton affinities of the Tyr groups. In the expressions below, pK 
